Eleven iridal type triterpenoids from Iris tectorum and Belamcanda chinensis were examined for protein kinase C (PKC) activation and binding activity to PKC. Among the tested compounds, nine iridals showed dosedependent activities, and a mutual relation between the two activities was also observed. 28-Deacetylbelamcandal, which has been found to be a new class 12-O-tetradecanoylphorbol 13-acetate type tumor promoter, showed the most potent activity in both tests. The structural requirements of the iridals inducing these activities were as follows: 1) a hydrophobic side-chain, 2) an E-methylidene aldehyde group at the C-1 position, and 3) a hydroxyl group at the C-26 position.
-and phospholipid-dependent protein kinase, 1) is an important regulatory enzyme involved in control of diverse biological phenomena.
2) The enzyme is activated by diacylglycerol (DAG) under certain physiological conditions and also by tumorpromoting phorbol esters, such as 12-O-tetradecanoylphorbol 13-acetate (TPA), in a DAG-like activation process.
3) Teleocidins, 4) aplysiatoxins, 4) mezereins, 5) and daphnoretin 6) have been identified as reagents binding to, as well as activating, PKC. Although the chemical structures of these compounds are quite different, they all provide for a spatial arrangement of functional groups fitting to a postulated phorbol ester pharmacophore on PKC. [6] [7] [8] [9] [10] Previously, we reported the isolation and characterization of iridal type triterpenoids from Iris tectorum MAXIM. and Belamcanda chinensis DC. (Iridaceae), 11) and that 28-deacetylbelamcandal (4) 12) from I. tectorum is a PKC activator as well as a new class of tumor promoter for mouse skin two-stage carcinogenesis. 13) For further study of iridal type triterpenoids, eleven iridal type triterpenoids from I. tectorum and B. chinensis were examined with respect to effect on PKC enzyme activity and inhibitory effect against [ 3 H] phorbol 12,13-dibutyrate (PDBu) binding to PKC. This paper describes characterization of iridal type triterpenoids as PKC activators, and structure-activity relationships are also discussed.
MATERIALS AND METHODS

General Experimental Procedures
1 H-and 13 C-NMR spectra were recorded on a JEOL EX-400 FTNMR spectrometer (400 MHz) spectrometer in CDCl 3 , using tetramethylsilane (TMS) as an internal standard. Electrospray ionization (ESI)-MS were measured on a LCQ mass spectrometer (Finnigan MAT U.S.A.) with a direct injection system. UV and IR spectra were recorded on a Shimadzu UV-2200 and Shimadzu FTIR 8100A, respectively. Optical rotations were recorded on a JASCO DIP-370. Wakogel C-200 (Wako Pure Chemical Industries, Osaka) was used for column chromatography.
Plant Material The rhizomes of I. tectorum and B. chinensis were purchased from Nakajima Pharmaceutical Co.
(Saitama-shi, Saitama) in November 1996. Authentic specimens (IT 9601 and BC 9601) are deposited at the Department of Food Chemistry, Saitama Institute of Public Health.
11)
Extraction and Isolation Through an analogous procedure to that described in preceding papers, 11, 13) compounds 1-3 were isolated. Briefly, each methanolic extract of dried rhizomes of I. tectorum (500 g) and B. chinensis (500 g) was partitioned between water and CHCl 3 . The CHCl 3 extracts were subjected to silica gel column chromatography with CHCl 3 -AcOEt (3 : 7 Tables 1 and 2 .
Materials 28-Deacetylbelamcandal (4), iridotectoral B (5), 26-hydroxy-15-methylidene-spiroirid-16-enal (6), 16-Oacetyl-iso-iridogermanal (7), iso-iridogermanal (8), iridobela-mal A (9), (6R,10S,11R)-26-x-hydroxy-(13R)-oxaspiroirid-16-enal (10) 14) and iridotectoral A (11) were isolated from I. tectorum and/or B. chinensis, as in the literature. 11, 13) Both compounds 10 and 11 exist as an equilibrium mixture of epimers at the hemiacetal carbon (C-26) in the presence of water. Partial PKC purification was done by DEAE cellulose (DE-52) and phenyl-Sepharose column chromatography steps as described previously. Assay of Protein Kinase C Activation PKC activity was determined by measuring the incorporation of 32 P into histone III-S from [g-32 P]ATP, as described previously. 13) Briefly, a standard reaction mixture (0.1 ml) containing 40 mM Tris/HCl (pH 7.5), 10 mM [g-32 P]ATP (200 dpm/pmol), 10 mM MgCl 2 , 0.5 mg/ml histone III-S, 2.5 mg phosphatidylserine, 20 mM CaCl 2 and 5 ml PKC was incubated for 10 min at 30°C. After incubation, ice-cold 25% trichloroacetic acid was added to the reaction mixture, and the acid-precipitable materials were collected on a GF/C filter (Whatman, Maidstone, U.K.). 32 P Radioactivity was measured by Cerenkov counting using a liquid scintillation counter (LSC-3500, Aloka, Tokyo).
Inhibition of [ 3 H]PDBu Binding to Protein Kinase C Inhibition of [
3 H]PDBu binding to PKC was performed as described previously. 13) Briefly, binding was carried out in a standard reaction mixture (0.2 ml) in 20 mM Tris-malate (pH 6.8), 100 mM KCl, 0.2 mM CaCl 2 , 0.1 mg/ml phosphatidylser- ine, 30 nM [ 3 H]PDBu (370 GBq/mmol), 0.5% DMSO, and 10 ml PKC. After incubation for 3 h in ice-cold water, 4 ml of ice-cold 0.5% DMSO was added to the reaction mixture. [ 3 H]PDBu that bound to PKC was collected on a GF/B filter (Whatman). Radioactivity was determined using a liquid scintillation counter (LSC-3500, Aloka).
RESULTS
Isolation and Structure Elucidation of Iridals
An isolation procedure analogous to that described in the literature 11, 13) of the methanolic extracts of I. tectorum and B. chinensis afforded iridotectorals C (1), D (2) and iridobenamal B (3), respectively.
Iridotectoral C (1), a white glassy substance, [a] D Ϫ40°( EtOH), showed a pseudomolucular (MϩNa) ϩ ion peak at m/z 523 by ESI-MS. The 1 H-and 13 C-NMR spectra were essentially the same as those of (6R,10S,11R)-26-x-hydroxy-(13R)-oxaspiroirid-16-enal (10), 11, 14) except for an additional methoxy signal [C, d 54.0, H, d 3.41 (s, 3H)]. In the twodimensional (2D) nuclear Overhauser effect spectroscopy (NOESY) spectrum of 1, cross peaks were observed between the methoxy protons (d 3.41) and H-26 (d 5.13) as well as the 10-a-methyl proton (d 1.22), which showed correlation with H-26 and H-14 (d 5.50). The above NMR data indicated that 1 is a methyl ether of 10 at the 26-O position. Furthermore, the absolute configuration at the C-13 and C-26 positions both were R, based on comparison of the CD data with that of 10.
14) The structure of iridotectoral C is thus established as the formula Moreover, significant NOE correlation was observed between the 26-OMe protons and the H-14 olefin proton (d 5.45). These correlations indicated that the configuration at the C-13 position is S, antipodal to that of 1. The structure of iridobelamal B is thus represented by formula 3.
Compounds 1-3 may be artifacts, produced during the extraction with methanol.
Activation of PKC The effect of compounds 1-11, along with TPA as a positive control, on PKC enzyme activity were examined. The results are shown in Figs. 1A-D. All iridal compounds tested activated partially purified PKC in a dose-dependent manner, and maximum activity was less than 100 mM except for 2 and 9. Compound 4 showed the most potent PKC activity (ED 50 : 300 nM) and was about 1/15 that of TPA (ED 50 : 20 nM). In the case of spiroiridals (4-6) (Fig. 1A) , compound 6 showed basically the same activity as 4. Compound 5, a geometric isomer of 4 at the a,b-unsaturated aldehyde moiety, showed two orders of magnitude weaker activity compared with 4. In the case of monocyclic iridals (7) (8) (9) , the activity of 7 was approximately ten times stronger than that of 8, a 16-deacetylated derivative of 7. Furthermore, compound 9, a geometric isomer of 8 at the a,bunsaturated aldehyde moiety showed lower activity below 100 mM (Fig. 1B) . In the case of oxaspiroiridals (1-3, 10,  11 ) (Figs. 1C-D) , the introduction of a methoxyl group to the C-26 position (10 vs. 1) decreased PKC enzyme activity, and a geometric change of the double bond at the C-2 position (10 vs. 11, 1 vs. 2) also reduced activity. Compound 2 was virtually inactive below 100 mM. The activity of oxaspiroiridals was independent of the stereochemistry at the C-14 position (1 vs. 3) .
Inhibition of PDBu Binding to PKC and Its Correlation with PKC Activation by Iridals The binding effect of 1-11 to PKC was evaluated by examining the inhibitory ef- The correlations between the inhibitory effect on PDBu binding (IC 50 ) and activating effect on PKC (ED 50 ) are shown in Fig. 3 . A mutual correlation was observed between both activities (rϭ0.97). These results indicated that the potency of the iridals towards PKC activation is dependent on their binding to the phorbol receptor of PKC. 
DISCUSSION
Iridal-type triterpenoids are characteristic constituents of Iridaceae plants including the genera Iris and Belamcanda, and more than forty isomers have been isolated. 11, 12, [15] [16] [17] [18] [19] [20] [21] These iridals are biosynthesized from the precursor squalene and there are two types, free iridals and iridal esters. Free iridals are further divided into four classes, monocyclic iridals, cycloiridals, spiroiridals and oxaspiroiridals. 28-Deacetylbelamcandal (4), a spiroiridal, was found to be a new class TPA-type tumor promoter on mouse skin as well as a PKC activator. 13) Nine iridals (1, 3-8, 10, 11 ) demonstrated binding and activation of PKC. The results also indicated a mutual relationship between the potency of PKC activation and that of binding to PKC. Thus, the present results suggested that iridal type triterpenoids are candidates for chemical tumor promoter. Among iridal type structures, spiroiridals (4, 6) exhibited the most potent activities. Oxaspiroiridal (10) showed more potent activity than monocyclic iridal (7). However, since compound 10 exists as an equilibrium mixture of epimers at the hemiacetal carbon (C-26) in the presence of water, the configuration of 26-OH may be important to act on PKC.
On the other hand, it is well known that binding of tumor promoters to PKC followed by PKC activation causes chemical carcinogenesis.
22) The structure-activity relationships of the PKC activator have been well studied based on computerassisted analysis. A PKC pharmacophore shared by the activator, DAG, phorbol esters and other tumor promoters, has been characterized by molecular modeling approaches. [6] [7] [8] [9] [10] It is assumed that three hydrophilic groups, such as oxygen atoms, are essential for an activator, and that the distances among the hydrophilic groups are important factors in the interaction of the activator with PKC. [6] [7] [8] [9] [10] 23) On the other hand, Zhang et al. 24) determined the structure of the activator-binding domain of PKC d forming a complex with phorbol 13-acetate, and indicated that C-3, C-4, and C-20 phorbol oxygens form hydrogen-bonds with the enzyme.
The iridal compounds tested possess four or five oxygen functional groups including hydroxy and aldehyde groups. In these studies, modification of the 26-OH (10) to a 26-OMe group (1), with a reduction in hydrophilicity, decreased the activities. Further, geometrical change of the methylidene aldehyde moiety, involving a change in the spatial arrangement of the aldehyde oxygen atom (1 vs. 2, 4 vs. 5, 8 vs. 9, 10 vs. 11) also decreased the activities. These observations suggested that three oxygen functional groups involving at least two hydroxyl groups with a fixed orientation were necessary for optimal activity. In addition, compounds 1-11 all possess a hydrophobic side chain (C-14-C-23). A decrease in activities by a hydrophilic change of 16-OAc (7) to 16-OH (8) on the side chain suggested that a spatially oriented hydrophobic moiety is essential for binding to and activating PKC. 23) From the above results, the structure-activity relationship of iridals for binding to and activating PKC can be summarized as follows: 1) hydrophilic groups with a fixed orientation have an important role, 2) a hydrophobic moiety is essential for potent activity, as was observed in phorbol esters and other tumor promoters. In particular, the C-1 aldehyde group and the hydroxyl group at the C-26 position in the case of spiroiridals are important for activity. Fig. 3 . Correlation between PKC Activating Activity and PKC Binding Activity
The line was drawn by the least-squares method (rϭ0.97). Numbers assigned refer to the compounds whose structures are shown in Chart 1.
